Introduction
============

Porcine reproductive and respiratory syndrome (PRRS) is an infectious disease that results in significant economic losses in the pig industry worldwide \[[@B9],[@B21],[@B30]\]. Since its first recognition during the late 1980s in the USA and Europe, PRRS has spread throughout the world \[[@B1],[@B3],[@B5]\]. The causative agent, the porcine reproductive and respiratory syndrome virus (PRRSV), is a member of the order *Nidovirales*, family *Arteriviridae*, and genus *Arterivirus* \[[@B6],[@B26]\]. PRRSVs are categorized into two genotypic groups based on the prototypic European (type 1) and North American (type 2) strains also known as Lelystad virus (LV) and VR-2332, respectively. Both strains share an approximately 60% sequence identity at the nucleotide level \[[@B23]\].

The PRRSV genome is approximately 15 kb in length and consists of at least nine open reading frames (ORFs) including ORFs 1a and 1b, ORFs 2a and 2b, and ORFs 3-7 \[[@B2],[@B11]\]. ORFs 1a and 1b encode the enzymes responsible for replication, ORFs 2a and 3-5 encode membrane-associated glycoproteins, ORFs 2b and 6 encode non-glycosylated membrane proteins, and ORF 7 encodes the N protein \[[@B29]\]. GP5, encoded by ORF 5, is a commonly recognized antigen in animals showing a protection against PRRSV and an excellent candidate protein for producing a recombinant vaccine \[[@B4],[@B11]-[@B13],[@B24],[@B31]\]. This protein also exhibits the highest degree of diversity within the same genotypic groups \[[@B32]\].

Since the emergence of type 2 PRRSV in Korea during 1993, the virus has spread widely \[[@B7],[@B10],[@B16],[@B17],[@B20],[@B30]\]. Genetic analyses of type 2 PRRSVs have been performed for the ORF 5 region of 27 viruses isolated from 2002 to 2003 \[[@B7]\]. Type 1 PRRSV was first detected in Korea in 2005 \[[@B17]\]. Several studies have recently reported that the genetic diversity of type 1 PRRSVs has increased in Korea \[[@B17],[@B20]\]. So far, few genetic or phylogenetic analyses of type 1 and type 2 PRRSV in Korea have been performed. More representative samples and extensive sequence libraries are needed to better understand the genetic diversity of Korean PRRSVs. The current study was performed to examine the genetic diversity of the ORF 5 sequence in types 1 and 2 PRRSVs originated from pig farms in Korea where wasting and respiratory syndrome had been observed between 2005 and 2009.

Materials and Methods
=====================

Samples
-------

Tissue samples (lung and lymph node) were collected from animals at a total of 786 pig farms nationwide where wasting and/or respiratory symptoms had been observed between 2005 and 2009. This included 201 pig farms in 2005, 93 farms in 2006, 96 farms in 2007, 250 farms in 2008, and 146 farms in 2009. Geographical distribution of the 786 farms was as follows: 194 farms in Gyeonggi, 29 in Gangwon, 29 in Chungbuk, 170 in Chungnam, 65 in Jeonbuk, 30 in Jeonnam, 132 in Gyeongbuk, 50 in Gyeongnam, and 87 in Jeju. One to three animals from each farm were tested. Several tissue samples were collected from a single animal. Samples from the same animal were pooled.

Reverse transcription (RT)-PCR for PRRSV detection
--------------------------------------------------

RNA was extracted from the tissue samples using an RNeasy mini kit (Qiagen, Germany) according to the manufacturer\'s protocol. To detect and differentiate types 1 and 2 PRRSVs, RT-PCR was performed using a OneStep RT-PCR kit (Qiagen, Germany) and primers based on sequences of ORF 7 and the 3´ non-coding region (NCR) of type 1 and type 2 PRRSVs ([Table 1](#T1){ref-type="table"}). The primer sets were designed to detect and differentiate types 1 and 2 PRRSVs using CLC Main Workbench 6.8.2 (CLC bio, Denmark). The reaction mixture contained 5 µL of 5× RT-PCR buffer (including 2.5 mM MgCl~2~), 0.4 mM dNTPs, 0.5 µM of each of the four primers (synthesized in Bioneer, Korea), 1 µL of the enzyme mix, and 5 µL of RNA in a final volume of 25 µL. The RT-PCR conditions were as follows: a reverse transcription step at 50℃ for 30 min, reverse transcriptase inactivation and initial PCR activation at 95℃ for 15 min; 35 cycles of denaturation at 94℃ for 20 seconds, annealing at 55℃ for 20 seconds, and extension at 72℃ for 30 seconds; and a final elongation step at 72℃ for 10 min. T3000 Thermocycler (Biometra, Germany) was used for the RT-PCR. The amplicons were separated using electrophoresis in 1.5% agarose gels and stained with ethidium bromide.

Sequencing and phylogenetic analysis of the complete ORF 5 region
-----------------------------------------------------------------

RT-PCR was performed on the samples positive for PRRSV type 1 or 2 using a SuperScript OneStep RT-PCR system with Platinum *Taq* (Invitrogen, USA) along with primer sets (Bioneer, Korea) specific for PRRSV ORF 4 and ORF 6 ([Table 2](#T2){ref-type="table"}). A separate primer set for each of the two PRRSV genotypes was designed (using CLC Main Workbench 6.8.2) to completely sequence ORF 5. The RT-PCR conditions were as follows: a reverse transcription step at 50℃ for 30 min, reverse transcriptase inactivation and initial PCR activation at 94℃ for 2 min; 35 cycles of denaturation at 94℃ for 15 seconds, annealing at 55℃ for 30 seconds, and extension at 72℃ for 30 seconds; and a final elongation step at 72℃ for 10 min. The amplified fragments were purified using a MinElute Gel extraction kit (Qiagen, Germany), and sequenced in both directions using a GenomeLabTMDTCS-Quick Start Kit (Beckman Coulter, USA) and CEQ8000 automated sequencer (Beckman Coulter, USA).

Individual sequences initially underwent multiple sequence alignment with CLUSTAL X ver. 1.81 \[[@B8]\], and the percent identity of the nucleotide sequences among the PRRSV isolates was calculated using Bioedit software (Ibis Biosciences, USA). Evolutionary history was inferred using the Neighbor-Joining method \[[@B25]\]. An optimal tree with the sum of branch length = 1.90543171 was created. The percentage of replicate trees in which the associated taxa clustered together in a bootstrap test (1,000 replicates) was also calculated. The tree was drawn to scale with branch lengths in the same units representing the evolutionary distances used to establish the phylogenetic tree. The evolutionary distances were computed using the Kimura 2-parameter method \[[@B18]\] and are shown as units of the number of base substitutions per site. The analysis involved 40 nucleotide sequences. All positions containing gaps and missing data were eliminated. There were a total of 363 positions in the final dataset. Evolutionary analyses were conducted with MEGA5 \[[@B28]\].

Results
=======

ORF 7 amplification and PRRSV genotyping
----------------------------------------

All samples obtained were first tested for the presence of PRRSV by amplifying a portion of ORF 7 using a primer pair specific for sequences in ORF 7 and the 3\' NCR. Sizes of the amplicons from types 1 and 2 PRRSVs were 398 and 433 bp, respectively. PRRSV was detected in samples from 315 farms. Type 1 PRRSV was detected on 117 farms (eight in 2007, 55 in 2008, and 54 in 2009), and type 2 PRRSV was detected on 198 farms (51 in 2005, 54 in 2006, 20 in 2007, 13 in 2008, and 60 in 2009). Both types 1 and 2 PRRSVs were detected on 22 farms (two in 2008 and 20 in 2009). The following initials of each province from which the isolates originated were added at the end of the names of isolates: Gyeonggi (GG), Gangwon (GW), Chungbuk (CB), Chungnam (CN), Jeonbuk (JB), Jeonnam (JN), Gyeongbuk (GB), Gyeongnam (GN), and Jeju (JJ).

Genetic analysis of the PRRSV isolates
--------------------------------------

The PRRSV isolates were characterized by sequencing the complete ORF 5. Published ORF 5 sequences of PRRSVs isolated from 2004 to 2009 including those used as commercial vaccine strains were included in this analysis. Percent identity of the ORF 5 nucleotide sequence among the types 1 and 2 isolates ranged from 81.6 to 100.0% and from 81.4 to 100.0%, respectively ([Table 3](#T3){ref-type="table"}). The inferred amino acid sequences had an 81.0\~100.0% identity for type 1 and 79.5\~100.0% identity for type 2 ([Table 3](#T3){ref-type="table"}). The percent identity of the nucleotide/amino acid sequences between the type 1 isolates and a prototypic PRRSV LV strain or between type 2 isolates and a prototypic PRRSV VR-2332 strain was 85.6\~90.8%/85.1\~91.6% and 84.7\~99.8%/83.1\~99.5%, respectively ([Table 4](#T4){ref-type="table"}). Sequence comparison at the nucleotide level showed that the percent identity among type 1 isolates obtained in 2007 was 95.3\~100.0%, and the percent identity among isolates recovered from 2008 and 2009 was 83.4\~100.0% and 81.6\~100.0%, respectively ([Table 5](#T5){ref-type="table"}). The type 2 isolates obtained in 2006, 2007, and 2008 showed 83.0\~100.0%, 83.2\~100.0%, and 83.5\~100.0% identity with isolates collected during same year while isolates from 2005 and 2009 both showed 81.7\~100.0% identity with isolates acquired during same year ([Table 5](#T5){ref-type="table"}). Among 12 groups of 25 type 1 PRRSV isolates with 100.0% identity in the ORF5 sequence, six groups of 12 isolates were from the same provinces and the remaining six groups of 13 isolates were from different provinces ([Table 6](#T6){ref-type="table"}). Two groups of four isolates were isolated during different years. For type 2 PRRSVs, 35 isolates from 15 groups showed 100.0% identity. Six groups with 16 isolates were from different provinces and nine groups with 19 isolates were from the same provinces. Four isolates from two groups were isolated during different years ([Table 7](#T7){ref-type="table"}).

Phylogenetic analysis of the ORF 5 gene in type 1 PRRSV isolates
----------------------------------------------------------------

A phylogenetic analysis was conducted using sequences of the ORF 5 gene from reference PRRSVs deposited in GenBank (National Center for Biotechnology Information, USA). Korean type 1 PRRSV isolates were assembled into three genetic groups: cluster I, cluster II, and cluster III ([Fig. 1A](#F1){ref-type="fig"}). Phylogenetic analysis of the ORF 5 gene of type 1 PRRSVs revealed that cluster I contained a diverse assemblage of viruses for which the ORF 5 nucleotide identity varied from 92.4 to 100.0% ([Fig. 1B](#F1){ref-type="fig"}). Cluster II had a lower degree of genetic diversity (nucleotide identity of 93.8\~96.8%) and contained several viruses that were closely related to vaccine strains (Amervac; HIPRA, USA or Porcilis; Merck Animal Health, the Netherlands) and type 1 strain prototypic LV ([Fig. 1A and B](#F1){ref-type="fig"}). Cluster III had greater genetic diversity (nucleotide identity of 92.2\~100.0%). Based on the 117 ORF 5 sequences from Korean type 1 PRRSVs, 109 isolates (93.1%) belonged to cluster I, three (2.6%) were assigned to cluster II, and five (4.3%) were grouped into cluster III ([Table 8](#T8){ref-type="table"}).

Phylogenetic analysis of the ORF 5 gene in type 2 PRRSV isolates
----------------------------------------------------------------

Based a phylogenetic analysis using sequences of the ORF 5 gene from reference PRRSVs deposited in GenBank (National Center for Biotechnology Information, USA), Korean type 2 PRRSV isolates were assembled into four genetic groups: cluster I, cluster II, cluster III, and cluster IV ([Fig. 2A](#F2){ref-type="fig"}). Results of the phylogenetic analysis revealed that cluster I contained a diverse assemblage of viruses for which the ORF 5 nucleotide identities varied from 86.5 to 100.0% ([Fig. 2B](#F2){ref-type="fig"}). The members of cluster II ([Fig. 2C](#F2){ref-type="fig"}) had greater genetic diversity (nucleotide identity of 84.4\~100.0%) and included several viruses closely related to vaccine strains (SP and Prime Pac). Cluster III PRRSVs ([Fig. 2D](#F2){ref-type="fig"}) had the greatest level of genetic diversity (nucleotide identity of 83.2\~100.0%). Finally, cluster IV ([Fig. 2E](#F2){ref-type="fig"}) contained only isolates from Korea (nucleotide identity of 91.5\~99.8%). Based on the 198 ORF 5 sequences from type 2 PRRSVs, 44 isolates (22.2%) belonged to cluster I, 79 (39.9%) were assigned to cluster II, 60 (30.3%) were grouped into cluster III, seven (3.5%) were placed in cluster IV, and eight (4.0%) to others ([Table 9](#T9){ref-type="table"}).

Discussion
==========

PRRS, porcine respiratory disease complex, and porcine multi-systemic wasting syndrome induced by PRRSV and other pathogens are currently recognized as major problems in the Korean swine industry \[[@B14],[@B15]\]. Characterization of the genetic diversity of PRRSV may increase our understanding of the virus origin and epidemiology. This will in turn aid the development of new vaccines and improved diagnostic techniques \[[@B22]\].

We did not detect type 1 PRRSV from samples collected before 2007. It is presumed that type 1 PRRSV was present on a limited basis in Korean swine herds from 2005 to 2006 since this was around the time that the PRRSV was introduced to Korea. The sequence identity of ORF 5 among type 1 isolates from 2007 was 95.5\~100.0% while the percent identity was lower among isolates collected in 2008 and 2009 (83.4\~100.0% and 81.6\~100.0%, respectively). This result may be due to the further introduction of different type 1 viruses or the genetic mutation of isolates introduced at an earlier time.

A previous comparison of ORF 5 sequences among type 2 Korean PRRSV isolates revealed a degree of genetic diversity between 1 and 15% \[[@B7]\]. The degree of ORF 5 genetic diversity among type 2 isolates obtained in the present study (0\~18.6%) was greater than that previously observed \[[@B7]\]. These results indicate that the genetic variation of sequences among Korean type 2 isolates may be increasing. Antigenic variations among PRRSVs due to genetic variability and their adverse impact on vaccination efficacy are well documented \[[@B19],[@B22]\]. Therefore, increasing heterogeneity among Korean PRRSVs raises a concern about the efficacy of the MLV vaccine that is widely used to control PRRS in Korea.

Sequence comparison showed that nucleotide identity among Korean type 1 isolates was 81.6\~100.0% and 85.6\~90.8% between these type 1 isolates and the type 1 prototypic LV strain. Genetic diversity of the Korean type 1 PRRSV ORF 5 sequence among the isolates obtained in this study was greater than that previously observed. Earlier investigations reported 82.5\~100.0% \[[@B17]\] and 94.3\~99.1% \[[@B20]\] identity according to nucleotide sequence comparisons.

Phylogenetic analysis indicated that there were three distinct clusters of ORF 5 nucleotide sequences among Korean type 1 PRRSVs. One hundred and nine type 1 isolates (93%) belonged to cluster I. Three isolates (2.5%) belonged to cluster II and five (2.1%) were assigned to cluster III. The ORF 5-based phylogenetic analysis demonstrated that type 1 isolates (except for ones belong to cluster III) appeared to be pan-European subtype 1 \[[@B20],[@B27]\]. Further evaluation of the genetic characteristics of additional cluster III isolates may be required because we did not collect enough of these isolates for our study. Phylogenetic analysis of ORF 5 sequences also indicated that there were three major clusters of type 2 PRRSVs isolates \[cluster I: 44 isolates (22.2%), cluster II: 79 (39.9%), and cluster III: 60 (30.3%)\] and one minor cluster \[cluster IV: seven isolates (3.5%)\].

So far, vaccines for PRRSV have been developed using strains from cluster III including the MLV PRRS vaccine. It will be important to determine whether viruses from clusters I, II, and IV can be effectively controlled by this or any other PRRSV vaccine. Genetic analysis showed that there was no correlation between geographic proximity and genetic relatedness among PRRSVs in Korea, and that viruses isolated from different years were present in the same genetic clusters. These findings could be explained by geographical conditions. Korea is a country with a relatively small territory and dense animal populations. Furthermore, the movement of animals among farms or among provinces has not been a rare phenomenon. A large number of pigs are relocated for fattening or breeding. These two factors could be why a correlation between geographical proximity and genetic relatedness among PRRSVs was not observed in our study. It would be difficult for PRRSVs to develop unique regional characteristics within the Korean pig production system. Some isolates were identical despite being obtained in different locations. The introduction of PRRSV-infected animals into herds caused PRRSV to be spread throughout the country, and this might explain why identical viruses were found in different provinces. Nevertheless, adherence to a stringent biosecurity system would not completely hinder PRRSV transmission.

In conclusion, our results indicated that PRRSVs from pig farms in Korea have a high degree of genetic diversity. This diversity has been increasing over time. It is therefore important to detect new isolates from pig farms on a regular basis and analyze viral genetic diversity in order to effectively control the disease.

![(A) Phylogenetic analysis of the open reading frame (ORF) 5 in Korean type 1 porcine reproductive and respiratory syndrome viruses (PRRSVs). The phylogenetic tree was constructed with 117 PRRSV isolates from Korea and 46 PRRSV strains isolated from around the world. The VR-2332 strain was used as the outgroup. Gray boxes and bundle lines indicate genetic clusters (I, II, and III) of Korean isolates. Bootstrap values greater than 500 of 1,000 replicates are indicated. PRRSV strains are denoted as follows: name of the PRRSV strain/GenBank accession no./country name/collection time, year published, or vaccine. Isolates are denoted by serial numbers ([Table 6](#T6){ref-type="table"}). (B) Korean type 1 PRRSV isolates collected from 2007 to 2009 belonging to cluster I.](jvs-14-115-g001){#F1}

![(A) Phylogenetic analysis of the ORF 5 in Korean type 2 PRRSVs. The phylogenetic tree was constructed with 198 Korean PRRSV isolates and 57 PRRSV strains isolated from around the world. The LV was used as the outgroup. Gray boxes and bundle lines indicate genetic clusters (I, II, III, and IV) of Korean isolates. Bootstrap values greater than 500 of 1,000 replicates are indicated PRRSV strains are denoted as follows: name of PRRSV strain/GenBank accession no./country name/collection time, year published, or vaccine. Korean isolates are denoted by serial numbers ([Table 7](#T7){ref-type="table"}). (B) Korean type 2 PRRSV isolates between 2005 and 2009 belonging to cluster I. (C) Korean type 2 PRRSV isolates collected from 2005 to 2009 belonging to cluster II. (D) Korean type 2 PRRSV isolates obtained from 2005 to 2009 belonging to cluster III. (E) Korean type 2 PRRSV isolates acquired from 2005 to 2009 belonging to cluster IV.](jvs-14-115-g002){#F2}

###### 

Sequences of primers used for the detection and differentiation of porcine reproductive and respiratory syndrome viruses (PRRSVs)
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^\*^Primer position: forward primers correspond to sequences in open reading frame (ORF) 7 and reverse primers correspond to the 3\' non-coding region (NCR). LV: Lelystad virus.
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Sequences of primers used for amplification and sequencing of the complete ORF 5 of PRRSV
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Sequence identity among PRRSV isolates collected between 2005 and 2009
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Sequence identity between each prototype virus and the respective PRRSV isolates
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Nucleotide sequence identity of ORF 5 among the PRRSV isolates according to the year isolated
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Type 1 PRRSV isolates with 100.0% homology (12 groups of 25 isolates)
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Type 2 PRRSV isolates with 100.0% homology (15 groups of 35 isolates)
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Genetic cluster classification of Korean type 1 PRRSVs based on the phylogenetic analysis of ORF5
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Genetic cluster classification of Korean type 2 PRRSVs based on the phylogenetic analysis of ORF5
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